Two Colombian deposits belonging to the western emerald belt of the Eastern Cordillera, namely Coscuez and Quipama-Muzo, hosted in Lower Cretaceous black shales, have been dated for the first time by 4oAr/39Ar induction and laser microprobe methods on contemporaneous greenish Cr-V-rich K mica aggregates consisting of muscovite as a dominant phase 5 kaolinite, 5 paragonite, quartz, ? albite, and ? chlorite, pyrite, and calcite. Contamination of the K mica aggregates by wall-rock impurities is eliminated by in situ 40Ar/39Ar laser spot analysis. Two distinct plateau and spot fusion ages of 35 to 38 Ma and 31.5 to 32.6 Ma were obtained for the Coscuez and Quipama samples, respectively, i.e., a late Eocene to early Oligocene age. Concordant conventional K-Ar ages show that in spite of the small size of these micas, they did not suffer significant 39Ar loss d u e to recoil during irradiation of the samples. Internal 39Ar recoil may explain the slight disturbances observed on the age spectra.
Introduction THE emerald deposits of Colombia are located 50 to 80 km northeast of Bogotá in the Andean mountain system ( Fig. 1) within two mineralized belts (Forero, 1987) : an eastern belt encompassing the districts of o CRPG contribution 940.
Present address: Promining LTDA, Of. 410, Bogotá, Colombia. Gachalá and Chivor, and a western belt containing the Coscuez, Quipama, and La Palma districts. During the late 199Os, Colombia ranked first in the world in emerald production, yielding approximately 10 millions carats or two tons. The unique characteristic of the Colombian emerald deposits consists in their geologic setting: they are enclosed within the Lower Cretaceous weakly metamorphosed black shales of the Eastern Cordillera chain. This causes a marked contrast with most other emerald deposits in the world that are predominantly hosted by suture zones or greenstone terranes mostly in highly metamorphosed cratonic areas (Kazmi and Snee, 1989) . Moreover, in these geotectonic environments, the sources of beryllium and chromium-vanadium necessary to produce that variety of green-blue beryl are likely found in Pegmatites and ultramafic volcanic rocks, respectively, when they are juxtaposed and interact during tectonic phases. This has been clearly demonstrated for the Brazilian deposits for instance (Ru-. dowski et al., 1987; Giuliani et al., 1990a) . However, neither pegmatite nor ultramafic volcanic rocks have been found in the vicinity of the Colombian deposits.
A wide concensus appears today for a hydrothermal model in the genesis of the Colombian deposits (Gubelin, 1957; Touray and Poirot, 1968; Rosasco and Roedder, 1979; Ottaway and Wicks, 1986; Kozlowski et al., 1988 Kozlowski et al., , 1991a . A preliminary microthermometry, Raman spectroscopy, and SEM study of fluid inclusions from the La Vega-San Juan and Coscuez deposits (Giuliani et al., 199Oc, 1992 , 1993 revealed the presence of chemically homogeneous hypersaline complex brines (NaC1-KCl-CaCl,, up to 40 wt % NaCl equiv) associated with emerald deposition. However, controversies still exist concerning the temperature-pressure conditions of formation deduced from fluid inclusion data; Kozlowski et al. (1988 ) andRoedder (1982 ,1984 proposedtemperatures higher than 500°C, implying a hypothetical genetic relationship of mineralizing brines with a deepseated pegmatitic source. In fact, it appears that an independent estimate of pressure is necessary to determine adequately the pressure correction and thus interprete the fluid inclusion data. The age of mineralization also appears to be a crucial parameter in assessing the thickness of overburden prevailing in the Eastern Cordillera basin at the time of emerald deposition, and thus for providing a correlative pressure estimate. One hypothesis attributes an Early Cretaceous age to the emerald mineralization, which could be related to the synchronous emplacement of basic magmas in the Eastern Cordillera dated at 115 to 118 Ma by conventional K-Ar on amphiboles (Fabre and Delaloye, 1983) . In the Eastern Cordillera, the Early Cretaceous is characterized by a strong rifting period and basin formation (Fabre, 1987) accompanied by normal faulting, high thermal anomalies, and basin connate water drainage: such processes could have contributed to the formation of emerald deposits as well. A second hypothesis, based on relative dating by field crosscutting relationships, relates emerald mineralization to the Tertiary major tectonic and faulting period, correlated with the emplacement of postulated post-Eocene rhyolitic intrusions (Escovar, 1979) . This paper presents the first ages of Colombian emerald-bearing veins in two deposits of the western belt, namely Coscuez and Quipama, based on a 40Ar/ 39Ar laser microprobe investigation; and an estimate of the pressures and temperatures associated with emerald mineralization, based on microthermometric data from fluid inclusions at the Coscuez deposit.
Geologic Setting
The Eastern Cordillera of Colombia constitutes a slightly folded chain (Campbell and Biirgl, 1965; Julivert, 1970) overthrusting to the east the Llanos basin and to the west the Central Magdalena basin (Fig.  1) . The major part of the Eastern Cordillera is represented by thick Cretaceous to lower Tertiary series accumulated into highly subsiding basins in response to lithospheric thinning and related crustal extension (Fabre, 1987) . These basins have been deformed and uplifted during Tertiary Andean tectonic episodes.
The two main emerald-producing zones of the western belt, Coscuez and Quipama-Muzo (Fig. l) , have been selected for our study. The regional geology of the western area is much less well known than that of the eastern belt (Ulloa and Rodriguez, 1979) , but the stratigraphic sequence of the Cretaceous formations presented in this paper is elaborated following the geologic synthesis of emerald deposits by Forero (1 987).
The Coscuez naine
Emerald mineralization occurs in the HauterivianBarremian Pajá formation (Fig. 2) . In the mining area, the series is composed of carbonaceous shales overlain by siliceous shales. The mineralization is hosted by a complex fracture system represented by veins, banded stratiform lenses, and breccias. The mineralized veins constitute two sets of fractures oriented at N 10" E and N 140" E crosscut by later faulting at N 20" E (the La Negra and Desaguadero faults). Hydrofracturing is recognized as a major process of breccia development (Giuliani et al., 1990b) . The hydrothermal fluid circulation is accompanied by intense fluid-rock interaction and metasomatic alteration of the enclosing black shales (Baker, 1975; Beus, 1979; Giuliani et al., 199Ob) Forero, 1987) .
The Quipama mines
The Quipama mines are composed of numerous .working areas situated on both sides of the Rio Minero in the vicinity of the village of Muzo (Oppenheim, 1948) . The major ones are Cincho, Palo Blanco, Massato, Aguardiente, Puerto Arturo, Tequendama, El Indio, and Las Pavas. Sample G 65 used for the present study comes from the Cincho Bajo area which belongs to the Coexmina property. The stratigraphic sequence and hydrothermal metasomatic phenomena are the same as in the Coscuez district. The Cincho field is situated between the two major Aguardiente and Animas northeast-southwesttrending faults on the right bank of the Rio Minero.
The productive zone is characterized by three sets of fractures at N 0"-10" E, N 40"-70" E, and N 110"-130" E filled by calcite, dolomite, REE dolomite, pyrite, quartz, albite, and greenish K mica.
40Ar/39Ar Laser Microprobe Dating

,
Sample descf-iption
Paragenetic relationships: The more extensive emerald-bearing structure is represented by a stockwork of 2-to 5-cm-wide extension fractures in the black shales. These veins show a typical mineralbanded filling constituted by calcite, pyrite, albite, dolomite, REE dolomite (parisite), fluorite, quartz, barite, and a greenish to white K mica sometimes incorrectly described as pyrophyllite. The K mica is deposited as 2-to 3-mm-wide patches on both walls of the veins followed toward the center by fibrous or euhedral calcite precipitation (Fig. 3) . Calcite is the most abundant gangue mineral, its fibrous habit rep- resenting an earlier stage often reopened and filled with euhedral calcite. Emerald can precipitate in various stages of vein filling, the largest and most beautiful crystals appearing in vugs in the central zone of the veins. K mica identified by SEM analysis is also trapped as solid inclusions within emerald crystals (Fig. 4b) .
Sample G 67 (Fig. 3) is a multistage vein characterized by aggregates of K mica on the margin of the vein, fibrous calcite toward the center, locally separated from the O01 K mica planes by aggregates of quartz and albite, and in places interlayered within the mica band. Some quartz crystals may contain small ( < O S mm) calcite inclusions (Fig. 5) . The more central zone of rhombohedral calcite is not shown in Figure 3 , but bending of the earlier fibrous calcite and associated K mica due to subsequent strike-slip movements accompanying the development of the later euhedral calcite stage is apparent. Sample G 65 is a single-stage vein consisting of O01 K mica planes developed perpendicular to the vein-wall rock contact as in sample G 67, followed by precipitation of euhedral calcite, pyrite, quartz, REE dolomite, and microgeodic chlorite rosettes (Fig. 3) . Microprobe analysis of chlorite indicates a donbassite composition (Merceron et al., 1988) as shown in Table 1 .
Composition of K mica aggregates: The chemical composition of the K mica aggregates (Table 1) has been determined by a comprehensive study using electron microprobe, ion microprobe, wet chemical analysis, atomic absorption, and in situ X-ray diffraction.
The major element composition deduced from electron microprobe analysis of the two samples (Table 1) reveals a rather uniform chemical composition. When compared with a standard muscovite analysis (Deer et al., 1962) Microprobe analysis carried out at the Camebax electron microprobe (University of Nancy I, France). Analytical conditions: acceleration voltage, 15 KV; sample current, 6-8 nA; silicate crystals as standards; and ZAF correction procedure; n = number of points used to calculate an average analysis; u = standard deviation; Samples: (1) and (e), respectively, the K-and Na-bearing micas of the emeraldveins in sample G 65, (3), ion microprobe analysis of sample G 67 (two points) using a modified CRPG ion microprobe Cameca IMS 3F; quantitative estimation is made by normalization to the SiO, = 47.68 avg wt % from the electron microprobe analysis and by reference to a standard lepidolite; (4), measurement done by the Karl Fischer volumetric method; (5), atomic absorption analysis; (6), chemical analysis of hydromuscovite from Deer et al. (1962) hydromuscovite analysis from Deer et al. (1962) in which the increase in HzO content relative to a standard muscovite is interpreted as reflecting the substitution of H,O+ for K+ (Brindley, 1980) .
Routine X-ray powder analyses of the mica aggregates display a single muscovite 2M1 structure for sample G 67 and a dominant muscovite 2M1 polymorph structurekor sample G 65 added to a strong reflection at 14 A which could represent some donbassite contamination of the K mica aggregate (see above). More careful examination using in situ X-ray diffraction identification on petrographic thin sections (Beaufort et al., 1983; Rassineux et al., 1987) , reveale4 the presence of minor amounts of paragonite (9.6 A) andkaolinite (7.16 A) in addition to muscovite (10 A). However, kaolinite is not always present. A spectrum of Quipama sample G 65, choosen among ten points analyzed by XRD on a thin section of the mica aggregate, is presented in Figure 6 . Therefore, the reconstructed hydromuscovite chemical analysis deduced from electron microprobe and ion microprobe analysis can be reinterpreted considering the XRD data, using a simple melange model of pure muscovite and kaolinite phases, the muscovite being, by far, the most abundant (80-90 vol % as deduced from the respective intensity of the XRD peaks). Indeed, bulk electron microprobe analysis of a fine muscovite-kaolinite mixture will result in some A1203 increase, thus giving an apparent excess in the octahedral occupancy relative to a standard muscovite. In addition, this kaolinite contamination will also result in some apparent increase in H 2 0 and decrease in K,O relative to a pure muscovite phase.
Analytical procedure for 4oAr/39Ar analyses
Due to the clay-size imbrication of muscovite and kaolinite of the Colombian emerald-bearing vein, not even visible by means of SEM observation (Fig. 4a) , it was impossible to obtain pure concentrates of muscovite. Therefore, the K mica aggregates used for 40Ar/ 39Ar dating purposes were simply hand-separated by using a fine saw. No special treatment was applied thereafter.
Three complementary 40Ar/39Ar procedures were adopted: (1) an induction step-heating procedure performed on bulk samples of K mica aggregate (described in Féraud et al., 1982 Féraud et al., , 1986 ) (2) a laser spot fusion procedure on K mica aggregates or on fragmented K mica band slabs, and (3) laser step-heating experiments on K mica aggregates.
Bulk samples were obtained by handpicking aggregates of green micas to be as pure as possible.
Stepheating experiments were performed on bulk samples and single grains of mica aggregates consisting of 2-mm-diam clusters of adjacent mica flakes. Spot fusion analyses were performed on slabs obtained by microsawing of the mica coating parallel to the vein. The G 67 slab (Fig. 3 ) is 1.4 mm thick and consists of a 0.5-mm-thick K mica band plus a 0.9-mm-thick adjacent band composed of a mixture of K mica, quartz, albite, and calcite. The G 65 slab is composed of a single 0.9-mm-thick single K mica band (Fig. 3) .
Laser spot fusion analyses were also performed on a thin section using a step-scanning method and a linear localîza-tion detector (Beaufort et al., 1983) .
one G 65 mica aggregate and the G 67 K mica band perpendicular to the wall-rock plane. The laser microprobe device and procedure of the University of Nice (France) is decribed in Scaillet et al. (1990) andRuffet et al. (1991) . The selectedmica separates and rock slabs were irradiated for 14.3 hr in the Osiris reactor (CEN, Saclay) with the biotite Bern 4B (17.25 Ma, Hall et al., 1984 , and subsequent analyses) as monitor. The isotope correction procedures and the criteria used to define plateau age are given in Féraud et al. (1986) . All ages have been calculated with the decay constants recommended by Steiger and Jäger (1977) and are given with standard error (1 u) estimates. Analytical data are presented in Tables   3 and 4 . 4oAr/39Ar dating results
Step-heating experiments: Bulk samples and single grain aggregates of the two samples show similar age spectra, characterized by increasing ages at low temperature, followed by decreasing ages, then a more or less flat domain. Sample G 65 (Fig. 7 ) yields a plateau age at 31.5 t 0.3 Ma (corresponding to 82% of 39Ar released) on a single grain aggregate, whereas the corresponding bulk sample displays more precise concordant ages with an integrated value of 32.6 t 0.1 Ma (over 60% of 3gAr released). Sample G 67 does not give any plateau age over a high percentage of the 3gAr released (Fig. S) , but except for the lowtemperature domain, it displays no more variable ages than does G 65. However, most of the apparent ages for this sample range from 35 to 38 Ma.
Spot fusion experiments: In order to examine a possible variation of the integrated ages from the wallrock side of the vein toward its center, several laser spot experiments have been performed on the two slab sections across the K mica layers. For sample G 67, the ages range from 34 f 2 to 38.9 f 1 Ma without any correlation between ages and distances to the outer rim of the K mica band (Table 3, Fig. 9 ). The weighted mean of 36.8 _t 0.4 Ma is close to integrated ages of both the bulk sample (i.e., 37.3 _t 0.1 Ma) and the single grain aggregate (i.e., 36.4 t 0.1 Ma). The corresponding (37ArC,/39ArK) ratios range from 0.004 to 0.48. Three older ages from 52 to 130 Ma were obtained by spot fusion analysis performed on the inner mixed zone adjacent to the mica band (Fig. 9 ). The corresponding (37ArC,/39ArK) ratios range from 55 to 174 (Table 3) and on an isolated mica aggregate (36.4 t 0.1 Ma) which was completely fused in one step. For sample G 65, four spot fusion analyses performed on the K mica slab (Fig. 9) give similar ages, ranging from 30.1 -+ 0.8 to 33 f 2 Ma (Table 4) , whereas an older age of 39.8 t 1.1 Ma was obtained on the external border at the wall-rock face of the slab. Their weighted mean of 32.8 t 0.4 Ma is close to the integrated ages of 33.1 4 0.1 and 31.4 -t. 0.3 Ma on the bulk sample and single grain aggregate, respectively (Table 4) . The (37Arc,/39ArK) ratios range from 0.0056 to 0.130 which represents a lower scale than that of sample G 67. Two spot fusions performed on the inner and outer faces of one isolated fragment of the mica slab (Fig. 9 ) display similar ages of 31.8 +. 0.2 and 32.1 -t 0.5 Ma, whereas the (37ArC,/39ArK) ratios range from 0.045 to 0.0055.
Discussion of 40Ar/39Ar results On both samples, we observe good agreement between the integrated ages of the step-heating experiments on bulk samples and single mica aggregates as well as agreement between the weighted means of the spot fusion analyses, if we except some spot fusion ages which appear significantly higher. Nevertheless, these ages were obtained from peculiar locations on the slabs. Point 2 of sample G 65 (Fig. 9 , Table 4 ) is located on the wall-rock side and may be affected by contamination with the Cretaceous black shale. Points 3, 11, and 15 of G 67 (Fig. 9 , Table 3) were performed on the pure K mica vein. The argon released may have originated, as demonstrated by higher 37Arc,/39ArK ratios, from a mixture of K mica with other minerals (quartz-albite-calcite) containing fluids in inclusions and therefore some possible amounts of excess argon.
In spite of the existence of one plateau age (G 65), the age spectra of both samples (a bulk sample and single grains) are affected by slight disturbances which are not clearly related to the 37Ar,d39ArK ratio (Figs. 7 and 8 ). Slome inverse correlation may appear at low temperature, the highest values of the 37Arc$ 39Ar, ratio being due to calcite impurities degassing. On the other hand, no age disturbance corresponds to a clear increase of the 37Arc,/3gArK ratio at high temperature (G 67, Fig. 8 ). This peak may be induced by the degassing of minute calcite inclusions in quartz crystals as observed in thin sections (Fig. 5) .
The reproducible shape of the age spectra, characterized by increasing ages followed by a saddle shape, may be explained by the degassing of different mineral phases during step heating orland 39Ar recoil during the irradiation. These age spectra are very similar to those obtained on chloritized biotites (Lo and Onstott, 1989) which were interpreted as resulting from 39Ar recoil from biotite to chlorite layers. Recoil of 39Ar can potentially explain the disturbances observed in the age spectra because the thickness of the individual mica crystals (1-3 ym; Fig. 4a) is not very large compared to the accepted 39Ar recoil distance (0.08 pm; Turner and Cadogan, 1974 loss because the r e c~i I e d %~~A r has a high probability of being implanted within a neighboring crystal (Bray et al., 1987) . In our case, the recoiled 39Ar may have been introduced into minor amounts of kaolinite, chlorite, or paragonite interlayered within the K mica aggregates. Therefore, the humped shape around the 690°C step of the G 65 bulk sample age spectrum (Fig. 7) may be due to a deficiency of 3gAr x?Ar Released. FIG. 7 . Induction (bulk sample) and continuous laser microprobe step-heating (single grain aggregate) age and (37Ar,J39ArK) ratio spectra of sample G 65.
in the muscovite K-rich phase, whereas the low ages displayed at lower temperatures may originate from a gain of 39Ar in the K-poor phases. This is supported by the fact that the integrated age of these two domains of the age spectrum (steps 40Oo-72O0C) is 33.1 3.0.2 Ma, similar to that of the plateau age, 32.6 & O. 1 Ma. The absence of 39Ar loss on chloritized biotites affected by 39Ar recoil was demonstrated by Ruffet et al. (1991) . To test a hypothetical 39Ar loss, a conventional K-Ar experiment was performed on sample G 65 at the CRPG-CNRS laboratory of Nancy, France (see Zimmermann et al., 1985 , for the general procedure). An age of 32.8 k 3.9 Ma (40Ar = 6.55 X lov6 cc/g; atm = 91.3%) similar to the 40Ar/39Ar ages was obtained and thus precludes a high amount of 39Ar loss by recoil in that sample. The disturbance of the age spectra may be explained by the existence of a mixture of different Kbearing mineral phases, characterized by distinct 4oArradio,,enic/3gArK ratios, degassing at different temperatures. Paragonite and kaolinite were detected by optical microprobe analysis, but in very different proportions in the two samples G 65 andG 67. Nevertheless, because of the reproducibility of the 40Ar/ 39Ar results, whatever the technique and the volume of analyzed samples, it is unlikely that these mineral heterogeneities are sufficient to explain the observed phenomena without a contribution of 39Ar recoil.
Regardless of slight disturbances due to probable internal Ar recoil evidenced by laser step-heating and laser spot experiments, it is likely that the ages of 31.5 to 32.6 Ma (sample G 65) and 35 to 38 Ma (sam- ple G 67) represent reasonable estimates of the age of the muscovite synchronous with the emerald deposition. The age difference between samples from the two locations is probably real. These results give an unambiguous late Eocene to lower Oligocene age (Odin and Montanari, l989) for the Colombian emerald deposits.
Fluid Inclusion Study
Introduction
The first extensive work on fluid inclusions of Colombian emeralds was performed on samples from the Achiote deposit (eastern belt) by Kozlowski et al. (1988,) . Heating experiments were problematic due to common decrepitation, stretching, and subtle leaking of fluid inclusions. The temperatures of homogenization (Th) by vapor disappearance were near 470°C and fluid inclusions with Th > 470°C were suspected of leaking. Using decrepitation temperatures in quartz and beryl, Kozlowski et al. (1988) gave a rough pressure estimate of formation of 1 kbar which yields an additional pressure correction of 100°C for the Th values. The trapping temperature estimated by Roedder (1982 Roedder ( , 1984 was Ttrapping > 518"C, and Ottaway and Wicks (1986) noted a total homogenization by NaCl dissolution at 320" rt 10°C for the Muzo deposit.
AnalzJtical methods
The. microthermometric study was performed on doubly polished plates using a microscope equiped +. with a UMK 50 Leitz objective and a Chaixmeca heating-freezing stage (Poty et al., 1976) . The lowtemperature measurements were obtained with a precision of O. 1 OC; the high-temperature measurements were made by heating the inclusions at a rate of 1°C per min. Raman spectra of hydrates, volatile components of the vapor phase, and solid daughter minerals were obtained on a Dilor X-Y multichannel laser-excited Raman spectrometer using the 514.5-nm radiation of an Ar ion laser (Dubessy et al., 1989) . The presence of the volatile components CO,, CH,, N,, and H,S was checked using a 1-W laser beam referring to the following lines, respectively: 1.388 examination was performed with a Cambridge Stereoscan 250 SEM operating at an accelerating voltage of 25 kV.
Fluid inclusion petrography
Primary and secondary fluid inclusions in emerald are typically brines ( Fig. 4c and d) . At room temperature, the degree of filling of the cavities is fairly constant. The inclusions typically contain a cubic crystal of halite (12-15 vol %), a brine (75 vol %), a vapor bubble (10 vol %), and a liquid carbonic phase ' ,i I cm-l, 2.915 cm-l, 2.331 cm-l, and 2.611 cm-', SEM (CO,o) which is easily visible in flat and large inclusions. This carbonic phase constitutes up to 8 percent . of the total cavity volume ( Fig. 4c and d) . The halitebearing fluid inclusions may contain a variety of additional daughter minerals which were investigated by SEM. The association NaC1-KCl is common in Coscuez emeralds (Fig. 4e) and different salt mixtures were identified in decrepitates: Cl(Ca, Fe) salts (Fig.  4f) , CI(Fe, K, Ca), Cl(Fe, Mn, Ca, K), and Cl(K, Fe).
Other daughter minerals include Ca + Fe f Mn f Mg carbonates with rhombohedral habit, Zn sulfide, and Fe oxide.
Freezing experiments
Carbon dioxide was identified by TmcOZ (COz final melting temperature), ThCo, (CO, homogenization temperature), CO, gas hydrate final melting temperature or by Raman analysis of the vapor phase. The TmcOz values range from -56.6' to -57.9 "C ( Fig.   10 ) which confirms the presence of N,, as identified by its 2,330 cm-l Raman peak.
During microthermometric runs, fluid inclusions exhibited a .characteristic behavior: the ice begins to melt between -50.5 and -59.5"C (Fig. 10) and the final melting temperature of ice (Tm,,,) ranges from peaks at 3,416, 1,653, and 1,634 cml (Giuliani et al., 1993) which are typical of known hydrates (Dubessy et al., 1989) . However, the exact identification of these phases is not possible, considering the lack of precise spectra for hydrates of geologic interest.
Heating experiments
On heating, liquid CO, homogenizes to vapor in the range 24.3" to 30.9"C (Fig. 10) . This corresponds to a low-density CO, phase (p = 0.2-0.4 g/ cm3). Decrepitation and leakage occurred in a majority of fluid inclusions, especially those >20 km in size. Leakage was often marked by "a sudden reversal in the gradually diminishing size of the bubble as temperatures increased' (Roedder, 1982, p. 498) and the larger inclusions generally exploded. When no leakage phenomenon occurred, a characteristic behavior of inclusions during heating was observed. Under increasing heating (Th scattered between 180" and 19O"C), halite becomes more rounded, the vapor bubble decreases in size, and finally disappears leaving liquid andhalite; under further heating, final halite dissolution temperature (T,) ranges between 260" and 340"C, with a representative mode at 305°C (Fig. 10) .
Bulk salinity estimation
The microthermometric and SEM data demonstrate the presence of Ca2+ ions in the brines. The presence of CO,, N,, and in some cases, KC1 has also been demonstrated. Such complex composition does not allow rigorous use of the experimental data of Vanko et al. (1988) to estimate the bulk composition of these fluids, as done by Giuliani et al. (1993) for CO,-free brines of the Vega-San Juan mine in the eastern belt (resulting composition = (H,0)55-(NaC1)30-(CaC1Jl5). However, the lower Tmice values in the Coscuez deposit compared to those of the Vega-San Juan deposit (some values are characteristically below -21.2"C) would indicate a lower content of CaCl, in the fluid (max 5 mole % determined by extrapolating the ternary diagram data; Vanko et al., 1988) . Therefore, we have adopted an estimation of the salinity of the Coscuez fluids based on the simple HaO-NaC1 system (Potter and Brown, 1975) and the halite dissolution temperature (Tmhali,) at 305°C. The data of Hall et al. (1988) yield a global salinity estimate of 38 wt percent NaCl equiv.
Pressure-temperature determination of emerald , deposition
Because of the chemical complexity of the fluid inclusions, two representative isochores were constructed (Brown and Lamb, 1989) to bracket the P-T evolution of the ore-forming brines (Fig. 11) . The first isochore corresponds to a representative Th = 235°C and a total salinity of 38 wt percent NaCl 375 equiv. The second is drawn for Th = 300"C, which represents the highest Th value for the same total salinity.
The pressure correction has been determined assuming a lithostatic confining pressure. The presence of hydraulic fracturing breccia indicates that during the implosion of black shales, the fluid pressure exceeded the lithostatic pressure (Pauia > Psolid). The stratigraphic column reconstruction of the Eastern Cordillera of Colombia by Hébrard (1985) permits estimation of the depth of overburden at about 4,250 and 4,500 m for ages of 35 and 38 Ma, respectively (Fig. ll) , as determined by the 40Ar/39Ar study for the Coscuez deposit. Assuming a rock density of 2.5 g/cm3, this depth corresponds to a lithostatic pressure of 1.06 and 1.12 kbars, respectively. Therefore, as deduced from Figure 11 , two effective trapping temperatures can be estimated at Ttrappingl = 290°C and TtrappingZ = 360°C for the brines responsible for the emerald deposition. Considering the existence of emerald-bearing extension veins, a hydrostatic confining pressure @fluid < Psolid) could also have prevailed during the infilling of veins. Therefore, the estimated pressure range (1.06-1.12 kbars) represents a maximum correction range for the extrapolated trapping temperature.
Discussion of the trapping pressure and temperature estimations
An estimate of a 1-kbar trapping temperature was made by Kozlowski et al. (1988) on the basis of decrepitation temperatures and the comparison of quartz and beryl hardness, which agrees with our estimate (1.06 and 1.12 kbars).
The trapping temperature estimated by Roedder (1982 Roedder ( , 1984 was 518"C, whereas Kozlowski et al. (1988) proposedaTh = 470°C with apressure correction of about 100°C for the Achiote deposit. These temperatures are in marked contrast with our estimates for Coscuez (this study) and La Vega-San Juan (Giuliani et al., 1993) ; the fluid inclusion behavior on heating also seems to be different. Let us detail this point. The phase transitions and fluid behavior ne& the vapor-saturated solubility surface of an inclusion containing a crystal of halite, a brine, and a gas phase will depend, for a given bulk composition, on the value of the bulk density and the liquid density of the fluid inclusion (Roedder and Bodnar, 1980; . Upon heating, an inclusion with a bulk density higher than the liquid density will first result in the disappearance of the vapor phase and then homogenization by salt dissolution, as illustrated by the microthermometric studies in the Coscuez (this work), La Vega-San Juan (Giuliani et al., 1993) , and Muzo deposits (Ottaway and Wicks, l986,1991a, b) . If the inclusion has a bulk density lower than the liq- FIG. 11. Reconstruction of the thermobarometric constraints for emerald deposition in the Coscuez deposit, assuming lithostatic confining pressure conditions. The Cordilleran basin subsiding model is constructed after Hebrard (1985) ; the isochoric evolution of brines is derived from fluid inclusion data. Solid curve L f V-H t L f V is the three-phase, halite-saturated liquid-vapor curve in the H,O-NaCI system. Th = temperature of homogenization of the vapor bubble; Ts = temperature of halite dissolution; salinities expressed as wt percent NaCl equiv. uids density, halite will first dissolve and further heating will result in total homogenization by vapor disappearance as described by Roedder (1982) and Kozlowski et al. (1988) for the Achiote deposit. This would imply that the fluid inclusion behavior in various emerald deposits of Colombia is different. Then, for halite-bearing fluid inclusions of a given composition, the pressure at homogenization will depend on the temperature and the order of disappearance of the different phases. Figure 11 shows that for inclusions having a bulk density equal to the liquid density (i.e., Th = T, = 300°C; isochore 2), the estimated trapping temperature Ttrappingz is higher than Ttrappingl estimated for Th < T, (isochore 1). Furthermore, the contradictory results obtained for the fluid trapping temperature can be explained by poor data resulting from a possible heterogeneous trapping of the fluid, necking of fluid inclusions after a vapor phase has nucleated, and leakage during heating experiments. The first possibility of accidental entrapment of a halite crystal (identified by SEM; Giuliani et al., 1993) in a fluid inclusion would result in a higher homogenization temperature. Many primary fluid inclusions show variable liquid/vapor/halite ratios clearly resulting from necking. However, the consistency of our data for a small, closely spaced group of primary inclusions indicates that the fluid inclusions were trapped as a homogeneous fluid. As reported elsewhere by Robert and Kelly (1987) , smaller inclusions within an individual healed microfracture or growth zone yield similar homogenization temperatures. We carefully selected the data in order to eliminate the leaked inclusions which gave the higher temperature ranges reported in the previous studies.
Finally, the calcite-dolomite-quartz-albite-muscovite-donbassite-kaolinite paragenesis that characterizes the mineralized veins appears to be in agreement with the proposed temperature range of precipitation of emerald (290"-360°C). Indeed, according to Merceron et al. (1988) , the temperature of formation of donbassite can be estimated at T < 350°C. Moreover, the presence of the muscovite-kaolinite assemblage and the lack of pyrophyllite indicates a forma-
tion temperature below 350°C (Meyer and Hemley, 1967; Thomson, 1970; Tsuzuki and Mizutani, 1971) .
Metallogenic Implications
The upper Eocene-lower Oligocene age of the Colombian emerald deposits confirms the hypothesis of Escovar (1979) and rules out the genetic link of the mineralizing fluid with the Lower Cretaceous basic magmatism (Ulloa, 1980) . The composition-pressure-temperature characteristics of the hydrothermal brine-type fluids indicate moderate temperature for emerald mineralization (320" -t. 40°C) as previously proposed by Beus and Mineev (1972) . Considering the burial history of the Eastern Cordillera basin, thermal calculation by Hébrard et al. (1985) and Fabre (1987) indicate that temperatures of 210"
and 240"C, respectively, have been reached by the end of the Cretaceous through simple subsidence. At the time of emerald mineralization, the hydrothermal fluid (320" +-40°C) needed an additional 120" to 150°C thermal input with regard to the burial temperatures of the enclosing shales. Two possible heat sources might be suggested: synchronous magmatic intrusions as suggested by Escovar (1979) but yet not proved from field evidence, and heat conduction implemented during halokinetic ascent. Indeed, evaporitic plugs are known within Upper Cretaceous formations (Zipaquirá and Nemocon; MacLaughlin and Arce, 197 l), a minimum Valanginian age being attributedto the salt deposition (Lopez et al., 1988) . Therefore, salt diapirs might have been in contact or percolated by hydrothermal fluids. Gypsum pockets are found in the vicinity of the Chivor emerald district in the eastern mineralized belt. Following these observations, the source of the complex HzO-NaCl-KC1-CaCl, sulfate-rich brines (Giuliani et al., 199Ob ) are likely to be found through fluid interaction with the evaporitic beds. Sulfate reduction is evidenced at the Muzo deposit (Ottaway and Wicks, 1991b) and was probably responsible for the huge amount of pyrite precipitating in the emerald deposits. The sulfur isotope values of pyrite precipitating with emerald in four Colombian deposits (15 < 634S < 21.2%0; Giuliani et al., 1993) are consistent with the Lower Cretaceous marine sulfate range (15 < 634S < 18%0; Claypool et al., 1980) . Oxygen and carbon isotope study of quartz and carbonates from emerald-bearing veins (Giuliani et al., 1992) showed large 6l80 values for the waters in equilibrium with the mineralization (10 < P O < 18 ) indicating a basinal formation waters origin. Derivation of COz from a mixed oxydized organic matter and limestone source appears likely. Accompanying hydrothermal fluid circulation, a strong fluid-rock interaction process led to sodium and carbonate metasomatism development in the black shales (Beus, 1979) . Geochemical profiles through the mineralized zones and mass balance calculation show that leaching of major (K, Al, Si, Ti, Mg, P) and trace elements (Ba, Be, Cr, Rb, Cs, U, V B, C, REE) from black shales is accompanied by their partial redistribution as infilling vein minerals (Giuliani et al., 199Od) . Particularly indicative of this process is the leaching of REE from the black shales (66 < ZREE < 193 ppm, original content in the host rock) and subsequent redeposition as REE dolomite (previously known as codazzite) within the mineralized veins (Giuliani et al., 1990d) . The origin of beryllium also may be local-Le., shown by the large volume of metasomatized country rocks-as advocated by Baker (1975) , Kozlowski et al. (1988) , and E. Roedder (oral commun., 1992) . Indeed, a simple balance calculation between a few parts per million of a Bebearing country rock (0.6-3.0 ppm, following Beus and Mineev, 1972, or 1-5 ppm according to Escovar, 1979 ) and the amount of beryllium within a beryl crystal appears adequate to account for the 6-ppb emerald grade in the ore, as reported by Kozlowski et al. (1988) for the Quipama-Chivor mines. Our determination of the background Be content in the black shales away from the mineralized areas ranges between 3.4 and 4 ppm. These data confirm that the regional black shale reservoir was large enough to have been a potential beryllium source.
Tectonic Consequences
As suggested by Mégard (1987) , the'Eastern Cordillera constitutes an inverted sedimentary back-arc basin of Jurassic to Late Cretaceous age filled with thick accumulations of marine sediments; Eocene to late Oligocene synorogenic nonmarine molasse sequences buried the basin as a response to uplift of the Central Cordillera. Inversion of the Eastern Cordillera basin occurred during the Andean compressional episodes at late Miocene to Pliocene time. Two distinct upper Eocene to lower Oligocene ages have been determined for the emerald deposits of and ; if assigned to the tectonic evolution of the Eastern Cordillera, these ages are synchronous with a strong shortening episode starting during the Eocene and corresponding to an acceleration of the convergence rate between the Nazca and South American plates (Daly, 1989) . At that time, sedimentation in the Eastern Cordillera basin was changing to nonmarine clastic deposition, whereas the underlying Mesozoic series were affected by alternating compressive and extensive transpressive episodes (Stephan et al., 1980; Calais et al., 1989) in response to crustal shortening. Emerald formation at 31 to 38 Ma appears to be a good example of this strong change in the tectonic regime of the Colombian Andes.
Following that period, major crustal deformation involved collisional regime between the Caribbean arc system and South America, leading to thrusting 1 37s CHEILLETZ ET AL. and uplift of the Eastern Cordillera during late Miocene to Pliocene time, particularly through rejuvenation of the older limits of the Cretaceous basin (Fig.   1 ). These structures were characterized by low-angle thrusting, decollement levels, and associated opposite-verging fording and ramping on both fronts of the chain ( Fig. 1 ; Colleta et al., 1990) . They are free of any significant thermal anomaly (Hébrard, 1985) and clearly crosscut the vein systems associated with emerald mineralization. Considering the depth of formation of emerald (4,250-4,500 m) , a minimum of 6,000 m of vertical transfer (excluding erosion) can be attributed to the late Miocene to Pliocene tectonic episodes which were responsible for the inversion of the Cretaceous back-arc basin and emerald outcropping.
Conclusions This first determination of ages of the Colombian emerald deposits of Coscuez (35-38 Ma) and MuzoQuipama (31.5-32.6 Ma) using induction and laser step-heating plus in situ laser spot fusion 40Ar/39Ar experiments on synchronous green muscovite allowed the estimation of PVT characteristics of the mineralizing complex brines (P = 1.2-1.06 kbars; T = 320" 4 2O"C, and bulk salinity = 38 wt % NaCl equiv) as deduced from fluid inclusion microthermometric, and Raman microprobe data. Considered in the context of the paleogeodynamic evolution of the Colombian Andes, these results have important implications for the metallogenesis of the emerald deposits.
The location of the Colombian emerald deposits within two belts along the original limits of the Eastern Cordillera Cretaceous basin suggests that they might constitute deep-seated rejuvenated faults allowing hot fluid circulation up through the sedimentary pile and evaporitic beds. Hydrofracturing, strongly reducing environment, and metasomatic transfer through brines and black shale interaction then provoked emerald-calcite-pyrite-albite precipitation. The chemical composition of the fluid associated with emerald deposition belongs to the complex H,O-NaC1-CaCl2-KC1-CO2-N, and sulfate-rich system. Similar fluids are associated with Cu-Pb-Zn deposits related to salt diapirs (Guilhaumou et al., 1981; Charef and Sheppard, 1987) , metamorphosed evaporites (Mc Kibben et al., 1988) , and the TethySian margin during alpine tectonic evolution (Edon, 1993) . The importance of complex brines and organic-rich sediments is also well documented for the genesis of Pb-Zn Mississippi Valley-type hydrothermal sedimentary deposits (Price et al., 1983; Sverjensky, 1986) , although lower formation temperatures are generally recognized (200"-250°C) .
Constrained by these new geologic and geochemical parameters, the genesis of the Colombian emerald deposits appears clearly independent of a magmatic cycle and must be related to the sedimentary features of basin margins constituted by thick black shale sequences and evaporitic beds. The temporal evolution of the basin through tectonic influence promotes hydrothermal basin-derived fluid circulation, highly reactive brine formation through partial dissolution of evaporitic beds and subsequent mobilization of metallic components (Be-Cr-V) fronl the enclosing shale; tectonic movements favored hydrothermal fluid circulation and epigenetic mineral precipitation within extension vein networks and hydraulic breccias.
According to our study, an epigenetic hydrothermal-sedimentary model is proposed for the Colombian emerald deposits, thus constituting an unique exemplar in the world. Considered within the scope of sedimentary basin dynamic, the Colombian emerald genesis must be related to thermal, hydraulic, and mechanical phenomena affecting the Eastern Cordillera basin; in that sense, it can be compared, although at higher temperature, to maturation, migration, and trapping of oil.
